Entry into the S phase of the cell cycle is controlled by E2F transcription factors that induce the transcription of genes required for cell cycle progression and DNA replication. Although the E2F pathway is highly conserved in higher eukaryotes, only a few E2F target genes have been experimentally validated in plants. We have combined microarray analysis and bioinformatics tools to identify plant E2F-responsive genes. Promoter regions of genes that were induced at the transcriptional level in Arabidopsis (Arabidopsis thaliana) seedlings ectopically expressing genes for the E2Fa and DPa transcription factors were searched for the presence of E2F-binding sites, resulting in the identification of 181 putative E2F target genes. In most cases, the E2F-binding element was located close to the transcription start site, but occasionally could also be localized in the 5# untranslated region. Comparison of our results with available microarray data sets from synchronized cell suspensions revealed that the E2F target genes were expressed almost exclusively during G1 and S phases and activated upon reentry of quiescent cells into the cell cycle. To test the robustness of the data for the Arabidopsis E2F target genes, we also searched for the presence of E2F-cis-acting elements in the promoters of the putative orthologous rice (Oryza sativa) genes. Using this approach, we identified 70 potential conserved plant E2F target genes. These genes encode proteins involved in cell cycle regulation, DNA replication, and chromatin dynamics. In addition, we identified several genes for potentially novel S phase regulatory proteins.
The heterodimeric E2F-DP transcription factors control the cell cycle by regulating transcription of genes required for DNA replication and cell cycle (Helin, 1998; Lavia and Jansen-Dü rr, 1999) . In mammals, eight E2Fs have been cloned and characterized (Trimarchi and Lees, 2002; de Bruin et al., 2003; Di Stefano et al., 2003; Maiti et al., 2005) . E2F1, E2F2, and E2F3 function as potent transcriptional activators of E2F-responsive genes, and the overproduction of one of them is sufficient to drive serum-starved cells into the cell cycle. In contrast, E2F4 and E2F5 are mainly found in quiescent cells and are believed to control cell cycle exit and the onset of terminal differentiation. The physiological role of the E2F6, E2F7, and E2F8 proteins is less well understood, but the lack of a clear trans-activation domain suggests that they may function as repressors of E2F-dependent transcription (Mü ller and Helin, 2000; Trimarchi and Lees, 2002; de Bruin et al., 2003; Di Stefano et al., 2003) .
The E2F pathway is conserved in mammals and plants Inzé, 2005) . In the genome of Arabidopsis (Arabidopsis thaliana), three E2F (E2Fa, E2Fb, and E2Fc) and two DP (DPa and DPb) genes have been identified (Vandepoele et al., 2002) . Both E2Fa and E2Fb are potent transcriptional activators as demonstrated by their ability to trans-activate reporter genes harboring the E2F consensus cis-acting element Stevens et al., 2002) . Moreover, transient overexpression of E2Fa and DPa induces nondividing mesophyll cells to reenter S phase , whereas their constitutive overexpression induces plant cells to undergo either ectopic cell division or enhanced DNA endoreduplication Kosugi and Ohashi, 2003) . In contrast, E2Fc, which lacks a strong activating domain, functions as a negative regulator of the E2F-responsive genes because its ectopic expression inhibits cell division (del Pozo et al., 2002) .
Mammalian E2F target genes have been identified using microarray analysis, chromatin immunoprecipitation assays, or computer-assisted prediction (Ishida et al., 2001; Kel et al., 2001; Mü ller et al., 2001; Weinmann et al., 2001; Ma et al., 2002; Ren et al., 2002; Stanelle et al., 2002) . Only a small number of plant E2F targets are currently known and include mostly homologs of typical mammalian E2F target genes, such as MCM3, PCNA, CDC6, RNR, and CDKB1;1 (Chabouté et al., 2000 (Chabouté et al., , 2002 de Jager et al., 2001; Egelkrout et al., 2001 Egelkrout et al., , 2002 Kosugi and Ohashi, 2002; Stevens et al., 2002; Boudolf et al., 2004) . The characterization of these genes revealed that the E2F DNA-binding site has been conserved during evolution. This observation was exploited to search the Arabidopsis genome for genes that contain the TTT-CCCGCC cis-acting element in their promoter region. This in silico search identified 183 potential E2F target genes, including genes that are involved in DNA replication, cell cycle regulation, transcription, defense responses, and signaling (Ramirez-Parra et al., 2003) . Available experimental data showed, however, that in addition to the TTTCCCGCC element, other closely related sequences are recognized by the plant E2F transcription factors (Chabouté et al., 2000; Stevens et al., 2002; Vlieghe et al., 2003) . Moreover, data from mammalian cell cultures revealed that promoter activation by E2Fs does not depend exclusively on an E2F-binding site, but appears to require other regulatory sequences as well (Schlisio et al., 2002; Giangrande et al., 2003 Giangrande et al., , 2004 ). Thus, it is possible that not all genes with the TTTCCCGCC site in their promoter region are controlled by E2F activity.
In a previous study, we compared the transcriptome of Arabidopsis plants ectopically expressing E2Fa-DPa with that of wild-type plants and discovered a previously unrecognized genetic network between DNA replication and nitrogen assimilation (Vlieghe et al., 2003) . The number of potential E2F target genes that could be identified in this study was small, however, because the array represented only 4,571 cDNAs. Therefore, we performed a new transcriptome analysis of plants ectopically expressing E2Fa-DPa using the Affymetrix ATH1 GeneChip microarrays that represent nearly all genes in the Arabidopsis genome. By combining microarray analysis and bioinformatics tools, we were able to identify 181 putative E2Fa-DPa target genes. Most of the genes encode proteins that function in DNA replication, chromatin dynamics, and cell cycle regulation. In addition, comparison of the promoter regions of the Arabidopsis target genes with the promoters of orthologous genes in the rice (Oryza sativa) genome revealed a group of evolutionarily conserved plant E2F target genes, of which several encode proteins with unknown functions.
RESULTS

Genome-Wide Transcriptome Analysis of Transgenic Arabidopsis Plants Ectopically Expressing
E2Fa-DPa Genes
In order to identify E2F target genes of Arabidopsis on a genome-wide scale, we compared the transcriptomes of wild-type plants and plants ectopically expressing the E2Fa-DPa genes (E2Fa-DPa OE ) using the Affymetrix ATH1 microarray that contains 22,810 probe sets, representing 22,750 annotated genes of the Arabidopsis genome (Fig. 1) . In four independent experiments, E2Fa-DPa OE plants were grown side-toside with wild-type (Columbia-0) plants. RNA was extracted from 6-d-old seedlings. Each biological sample was harvested and processed independently and finally all probed individually to a microarray, resulting in eight hybridization signals for each probe set. Statistical analysis indicated that 2,069 genes had a significant change in expression levels, of which 412 and 220 were more than 2-fold up-or down-regulated, respectively (see Supplemental Tables I and II online) .
Previously, 9,910 genes were identified for their differential expression during the cell cycle (Menges et al., 2003) . These genes were sorted into 10 bins according to their timing of maximal expression during the cell cycle, where the bins represent the 10 time points measured by Menges and colleagues. For all genes in every bin, the signal log ratios (SLRs) between expression signals in wild-type and E2Fa-DPa OE plants were averaged. This analysis revealed transcriptional induction of most proliferation-associated genes, corroborating with the previous observation that cells in E2Fa-DPa OE plants undergo extra rounds of cell division and endoreduplication ( Fig. 2A ; De Veylder et al., 2002) . Genes expressed during S were clearly more strongly induced that those expressed during the G2 and M phases, whereas genes specifically transcribed during G1 were not up-regulated or only slightly up-regulated. Quantile-quantile (q-q) plots represent a graphical means to compare the distribution between different data sets. We analyzed the distribution of expression maxima during the cell cycle and compared this distribution for the 412 and 220 genes that were more than 2-fold up-or downregulated in E2Fa-DPa OE seedlings to the distribution for all genes expressed in a cell cycle phase-specific manner in synchronized Arabidopsis cells (Fig. 2B) . The q-q plots show that genes specifically expressed during mid-S phase were clearly enriched in the set of genes up-regulated in E2Fa-DPa OE seedlings (Fig. 2B) . In contrast, genes that were down-regulated in E2Fa-DPa OE seedlings were not enriched for any of the specific classes of genes that show cell-cycle-specific gene expression patterns, as seen by the near-diagonal line (Fig. 2B ). Because down-regulated genes had no cell-cycle-specific expression pattern and because E2Fa-DPa operates as a transcriptional activator Rossignol et al., 2002) , we focused on the up-regulated genes only in the downstream analysis to identify E2F target genes (Fig. 1) .
Identification of E2F DNA Consensus Motifs in Arabidopsis Promoter Regions
The 1-kb promoter DNA sequence upstream of the ATG start codon of each of the 412 genes that were significantly up-regulated .2-fold was extracted from the Arabidopsis genome sequence and scanned for the presence of the E2F-cis-acting element with the sequence WTTSSCSS (where W 5 A or T, and S 5 C or G), which represents the consensus DNA sequence of all different E2F-DP-binding motifs that were experimentally verified in plants (Chabouté et al., 2000 (Chabouté et al., , 2002 de Jager et al., 2001; Egelkrout et al., 2001 Egelkrout et al., , 2002 Kosugi and Ohashi, 2002; Stevens et al., 2002) . We searched the full 1-kb sequence upstream of the ATG rather than only the sequence upstream of the transcription start site because functional E2F elements can reside in the 5# untranslated region (UTR; Chabouté et al., 2002; Ren et al., 2002) . Using this approach, we found that 229 out of the 408 nuclear-encoded E2Fa-DPa-responsive genes possess at least one potential E2F-binding site. We then plotted the frequency of occurrence of an E2F consensus motif in 100-bp intervals against the distance from the ATG and compared the frequencies between the E2Fa-DPa OE -responsive genes and all genes represented on the ATH1 microarray. Figure 3A shows that the frequency of the E2F consensus motif was relatively constant along promoter regions on a genomewide scale. By contrast, among the genes that were 2-fold up-regulated in E2Fa-DPa OE seedlings, the E2F consensus motif was clearly more abundant inside the 200-bp region immediately upstream of the start codon. Further analysis, however, indicated that applying a 200-bp promoter cutoff selection criterion resulted in a high number of false negatives in our strategy to screen for putative E2F target genes. Therefore, a 400-bp criterion was used because up to this limit the E2F consensus motif was more abundant in the group of E2Fa-DPa upregulated genes than randomly expected. Beyond the 400-bp limit, the number of E2F-binding sites was clearly underrepresented in the data set of E2Fa-DPa-induced genes (Fig. 3A) .
In total, 181 genes (or 44.4% of all 408 nuclearencoded up-regulated genes) harbored an E2F consensus motif within the 400 bp upstream of the ATG (Fig. 1 ). This percentage is significantly (P-value Fisher's exact test , 0.0001) higher than the frequency of the E2F consensus motif to occur within the first 400 bp for all Arabidopsis promoters in the genome, which is 14.9%. The genes identified include all previously Figure 2 . Increased expression of cell-cycle-phase-specific genes in E2Fa-DPa OE plants. Expression peaks for 9,910 genes during the 22-h cell cycle of Arabidopsis (Menges et al., 2003) were used. In this experiment, transcript levels were measured at 10 time points. The first time point (0 h) represents cells blocked in early S phase. Synchronized cells completed S phase at 5 h and went through mitosis from 9-14 h after release from the block. Identification of 9,910 genes that were differentially expressed during the cell cycle and determination of their expression peaks were described before (Menges et al., 2003) . A, The 9,910 genes identified by Menges et al. (2003) were sorted into 10 bins, which represent the 10 time points of measurements, based on their maximal expression during the cell cycle. Shown are the mean 6 SE of the SLRs (logarithms to base 2) between expression signals in wild-type and E2Fa-DPa OE plants for all genes in a bin. Note that the 8th bin, left to the time point of 15 h, holds only a small number of genes. Shaded areas represent periods of S phase and mitosis, respectively. B, The q-q plots for genes significantly modified in E2Fa-DPa OE seedlings versus all cell-cycle-regulated genes. Slopes close to 0 indicate an overrepresentation of the number of E2Fa-DPa-affected genes among the number of cell-cycle-regulated genes in the time window indicated on the y axis.
reported E2F target genes represented on the ATH1 array (PCNA, RNR large subunit, CDC6, and MCM3), thus validating our combined analysis of large-scale RNA expression data and genome sequences. In addition, we identified other genes that encode proteins involved in DNA replication (e.g. replication factors, DNA polymerases, and DNA primase), initiation of DNA replication (e.g. ORC1, CDC45, and CDC6), chromatin dynamics (e.g. MSI3, CMT3, trihorax-like protein gene, and FAS1), cell cycle (E2Fb, E2Fc, RBR1, DEL3, and CYCA3;2), and DNA repair (e.g. RAD17, mismatch repair protein MSH6-1, and UVR3; see Supplemental Table III online). In 28 of the identified genes, the E2F consensus motif was located in the 5# UTR. Two-thirds of the 181 genes contained only one E2F consensus motif in their promoter, whereas the remaining genes had two or more E2F consensus motifs. Interestingly, the promoter of the gene encoding the G/T DNA mismatch repair enzyme has five E2F consensus motifs within the first 200 bp proximal to the ATG. No direct correlation between the number of E2F consensus motifs present in a promoter and the fold transcriptional induction of the corresponding gene was observed (Fig. 4) , suggesting that some of the identified motifs might represent low-affinity E2F-binding sites that are rarely occupied in planta. Alternatively, other factors might be required in conjunction with E2F transcription factors to induce gene expression.
The 181 putative E2F target genes we identified belong to different functional classes according to the gene ontology (GO) biological process classification system. Figure 5 shows that E2F target genes were among others significantly overrepresented in the categories ''cell cycle'' and ''DNA metabolism.''
To identify a preferred E2F-binding site, we compared the relative abundance of all possible motifs of the WTTSSCSS E2F consensus motif between the set of genes up-regulated in the E2Fa-DPa OE seedlings and all genes present on the ATH1 microarray. Table I shows that three motifs were significantly enriched (P-value Fisher's exact test , 0.01). These motifs are found more frequently in the set of E2Fa-DPa-induced genes than randomly expected on the basis of the number of E2F elements found among all genes on the ATH1 array. The most abundant motif was TTTCCCGC, representing 25.4% of all motifs found in the 400-bp promoter regions upstream of the ATG. The other two motifs, ATTCCCGC and TTTGGCGC, were represented by 5.1% and 9.9%, respectively. Although the TTTGGCGG motif was relatively highly abundant as well (representing 9.2% of all motifs found), it was not significantly overrepresented in the data set. 
Cell-Cycle-Regulated Gene Expression of E2F Target Genes
Using the Arabidopsis MM2d cell culture, Menges et al. (2003) reported changes in gene expression during the synchronous cell cycle reentry of starved cells following Suc addition. The analysis revealed two major classes of gene expression. The first cluster included genes that had low expression levels during the starvation period but were up-regulated after Suc addition (up-regulated genes). The second cluster included genes with a peak of expression immediately following the initiation of the starvation procedure but that were down-regulated after Suc supplementation (down-regulated genes). Both clusters represent about the same amount of genes (2,101 and 2,132 for the cluster of up-regulated and down-regulated genes, respectively). Of the 181 putative E2F target genes we identified in our analysis, 110 genes fall into one of these two categories. Remarkably, among those, 98.2% belong to the class of genes that are up-regulated during cell cycle reentry. The remaining two genes belong to the class of down-regulated genes (see Supplemental Table IV online) .
In a second experiment reported by Menges et al. (2003) , Arabidopsis MM2d cells were released from an aphidicolin arrest and followed by gene expression profiling as they moved synchronously from S phase through G2 and M into G1. After statistic analysis, a total of 1,016 genes with a clear cell-cycle-periodic expression profile were defined. Among these, 65.8% of the oscillating genes were expressed in S phase, 2.0% in G2, 19.5% in M, and 12.7% in G1. Of all predicted 181 Arabidopsis E2F target genes, 43 displayed a cell-cycle-phase-dependent gene expression pattern as defined by Menges et al. (2003) . This low number can be explained by the fact that aphidicolin arrests cells in early S phase. As such, the G1-to-S transition, where E2Fa-DPa is supposed to be active, is missed. Of the 43 E2F target genes with a clear cellcycle-periodic expression profile, 42 genes displayed a peak of expression during G1 or S, and only one gene (CDT1a) was expressed during M phase (see Supplemental Table V online).
Conservation of E2F-cis-Acting Elements between Arabidopsis and Rice Promoters
E2F activity was recently demonstrated in rice (Kosugi and Ohashi, 2002) . Because the E2F pathway is highly conserved and the E2F DNA consensus motif is conserved between plants and mammals, we reasoned that a large number of E2F target genes should also be conserved between rice and Arabidopsis. To generate a robust set of E2F target genes, we therefore searched the rice genome for genes orthologous to the 181 Arabidopsis E2Fa-DPa target genes. We based our analysis on the 44,498 rice gene sequences annotated by The Institute for Genome Research (TIGR release 3.0, excluding transposable elements; Yuan et al., 2005) . Because it is difficult to define orthology based on DNA or amino acid sequence similarity only, we selected only those Arabidopsis genes with one or two rice homologs. After removing rice genes with only partial homology to their Arabidopsis counterparts (see ''Materials and Methods''), 104 Arabidopsis and Figure 5 . Functional distribution of E2F target genes using the GO slim biological process classification system. Black bars indicate the relative frequency of GO classes in the set of 408 up-regulated Arabidopsis genes, white bars indicate relative frequency of GO classes in the set of up-regulated Arabidopsis genes with an E2F binding site, and gray bars indicate relative frequency of GO classes for the set of E2F target genes conserved between Arabidopsis and rice. Significantly overrepresented classes for the up-regulated genes containing an E2F binding site (white bars) are indicated (**, P-value , 0.01). Note that GO classes covering ,2.5% of the genes were omitted for clarity and that cellular component GO classes and unknown classes are not shown.
128 rice genes were found to be significantly homologous, representing putative orthologous gene pairs (Fig. 1) . For eight Arabidopsis genes, a one-to-two relation with homologous rice genes was found (e.g. RBR1, RNR large subunit, and CDC45), whereas for some paralogous Arabidopsis genes, only a single rice copy was detected (e.g. PCNA and CDC6). For approximately 50% of the Arabidopsis genes, the homology relation was one-to-one, suggesting orthology between Arabidopsis and rice. The remaining genes either had no homologs in rice or belonged to large gene families, implying complex many-to-many relationships.
In order to define objectively the length of rice promoters for our analysis, we again compared the frequency of the E2F DNA consensus motif in 100-bp intervals between all rice genes and the subset of 59 rice genes, which showed a one-to-one homology relation to the Arabidopsis genes that were up-regulated in E2Fa-DPa OE seedlings and that contain the E2F consensus motif. We reasoned that the subset of putative orthologous rice genes should provide a good approximation of the size of promoter sequences that were enriched for the E2F consensus motif and therefore could be E2F target genes in rice. Figure 3B shows that the first 300-bp proximal to the ATG in the promoters of the putative rice E2F target genes were enriched for E2F consensus motifs when compared to all rice promoter sequences. Together, our comparative analysis confirmed that for 70 of the Arabidopsis E2F targets genes (67%), the corresponding E2F DNA sequence motif was conserved in the promoter of the putative homologous rice gene (Fig. 1) . This suggests that the group of Arabidopsis genes we identified represents evolutionarily conserved plant E2F target genes (Table II) . Most of these genes belonged to the GO functional class of cell cycle genes (Fig. 5) . For three out of six E2F target genes of Arabidopsis with two putative rice orthologs, an E2F element was found in both rice genes, whereas three had an E2F-binding site in only one rice ortholog. Only motifs found in the 400 bp upstream of the start of the translation site were counted. The corresponding number of genes is given in parentheses.
c Genome refers to the promoters of all nuclear-encoded genes present on the ATH1 microarray. Similarly, in only 7 out of 12 rice single-copy genes, both co-orthologous Arabidopsis genes harbored an E2F binding site. These results suggest that during evolution a number of genes created by gene duplication might have escaped transcriptional control by E2F, giving rise to novel functions or control of the gene by other regulatory signals (Van de Peer et al., 2001; Prince and Pickett, 2002) . Because of the observed high conservation of the E2F boxes between orthologous genes of Arabidopsis and rice, one might wonder if applying solely an evolutionary filter, omitting the microarray expression data, might result in the similar selection of putative E2F target genes. Sequence analysis revealed that in total 3,788 genes on the ATH1 array harbor an E2F box in the first 400 bp upstream of the start of translation (Table I ). Among those, 1,137 Arabidopsis genes (representing 1,063 gene families) have one or two putative orthologous rice genes. Of these, for 440 Arabidopsis genes (401 gene families), an E2F element was found within the first 300 bp upstream of the start of translation in the rice ortholog(s). Apart from the 70 conserved targets represented in Table II , only 29 of the remaining 370 displayed a significantly up-regulated expression level in the E2F-DPa OE plants. This finding indicates that applying an evolutionary filter in the absence of expression data would yield a high number of false-positive targets, emphasizing the need in combining both wet and dry science techniques for identifying true target genes of the transcription factor of interest.
Conserved Plant E2F Target Genes
DISCUSSION
Ectopic expression of E2Fa-DPa severely affects plant development. In comparison to wild-type plants, E2Fa-DPa OE transgenic plants are small and display curled leaves and cotyledons . These dramatic phenotypes are reflected in large differences in the transcriptomes of wild-type versus E2Fa-DPa OE plants. Nevertheless, among the 412 genes that were transcriptionally .2-fold induced, almost 44% (181 genes) harbored an E2F-binding site in close proximity to their start of translation. Among these, all previously characterized E2F target genes were present, illustrating the strength of the approach followed for identifying potential E2F targets genes. Nevertheless, still some true E2Fa-DPa targets with an E2F-binding motif in their promoter might have been missed in our analysis because of the 400-bp selection criterion applied. The genes that were significantly up-regulated in the E2Fa-DPa OE seedlings and that lack an E2F-binding site could represent genes that are downstream of the E2F-DP regulatory circuit or could represent genes altered in expression by the wholesale disruption of the cell cycle and consequent developmental abnormalities caused by E2Fa-DPa overexpression. Of the 181 putative E2F target genes we identified in our analysis, only 34 could be found among the 183 targets genes predicted by an in silico sequence analysis approach, as reported by Ramirez-Parra et al. (2003) . There are several experimental differences that could explain this small overlap between the two data sets. First, Ramirez-Parra et al. (2003) only used the TTTCCCGCC motif to search promoter regions in their genome-wide analysis. Although this motif is found most frequently among genes upregulated during S phase, our analysis has shown that other E2F elements are also enriched in genes up-regulated in E2Fa-DPa OE seedlings. Second, Ramirez-Parra et al. (2003) analyzed 800-bp promoter regions for the TTTCCCGCC motif. We restricted our analysis to 400-bp upstream of the translation start site because we found that this was the only region to be significantly enriched for E2F-binding sites. Third, the small overlap of both data sets could also be explained in part by the existence of different functional E2F complexes that could be formed by the three E2F and two DP proteins encoded in the Arabidopsis genome . Arabidopsis E2Fa and E2Fb are potent transcriptional activators, but E2Fc appears to function as a repressor. Microarray analysis in Drosophila melanogaster has revealed that the number of target genes shared between activating and repressing E2F proteins is very small (Dimova et al., 2003) . The activating E2F mainly controls the expression of genes that encode proteins with roles in cell cycle progression and DNA metabolism. In contrast, the repressing E2F seems to target genes involved in differentiation. Thus, it will now be important to verify experimentally whether E2F target genes predicted by Ramirez-Parra et al. (2003) that were not induced by E2Fa-DPa in E2Fa-DPa OE seedlings are controlled by other E2F-DP complexes.
Mapping of the 5# UTR sequences with all available expressed sequence tags and cDNA sequences revealed that 28 of the 181 Arabidopsis E2F target genes have an E2F motif in their 5# UTR sequence. Comparison of orthologous rice genes, however, indicates that the presence of an E2F motif in the 5# UTR is not necessarily conserved between plant species. In only 2 out of the 10 gene pairs for which 5# UTR sequence was available, the E2F motif was found in the UTR of both the rice and Arabidopsis genes. Similarly, whereas in the RNR large subunit gene of tobacco (Nicotiana tabacum) the E2F motif is located in the 5# leader (Chabouté et al., 2002) , this is not the case for the othologous Arabidopsis gene.
It has been demonstrated that mammalian promoter activation by E2Fs relies on the concerted function of an E2F-binding site with other cis-acting elements (Schlisio et al., 2002; Giangrande et al., 2003 Giangrande et al., , 2004 . A similar mechanism is most likely required in plants because only a subset of all Arabidopsis genes that have an E2F motif close to the translation start site are transcriptionally induced in E2Fa-DPa OE seedlings. To identify putative cis-acting elements that cooperate with E2F-binding sites, we searched the promoter regions of the 181 putative E2F target genes for the presence of a significantly overrepresented promoter element. Only one 12-bp-long motif (consensus sequence nTTssCGssAAn, with n being predominantly A or T) was found to be overrepresented in the data set, representing the E2F motif itself (Fig. 6) . Interestingly, this motif extends the length of the previously recognized canonical E2F element from 8 to 12 bp. The extension of the motif to include the 3# adenine residues results in a previously unrecognized palindrome-like structure. Failure to identify other possible motifs for cis-acting elements that cluster near the E2F motifs, using a variety of motif detection methods (AlignACE and CONSENSUS), suggests that such motifs might be too degenerated to be detected with currently available bioinformatics tools.
Analysis of cell-cycle-regulated expression profiles of mammalian E2F target genes revealed that E2F activity appears to be highest at the G1-to-S transition. However, genes normally activated at G2 of the cell cycle were also under E2F control (Ishida et al., 2001; Ren et al., 2002) . The recently reported genome-wide expression data from synchronized Arabidopsis MM2d cells (Menges et al., 2003) allowed us to perform a similar analysis. Among all significantly induced genes, we identified several G2-to-M-specific genes (e.g. CYCA2;2 and CYCB1;1). However, almost all putative E2F target genes with a cell-cycle-modulated expression profile were expressed in G1 or S, illustrating a specific role for the E2Fa-DPa complex at the G1-to-S transition. This observation should be interpreted with caution, though, because the timing of gene expression does not necessarily correlate with the activity peak of the protein encoded by these genes. For example, it has been reported that CDKB1;1 transcription is activated Figure 6 . Sequence logo of the overrepresented motif found in the set of 181 putative E2F target genes. The logo was created based on 272 motif instances using WebLogo (Crooks et al., 2004) . The overall height of each stack indicates the sequence conservation at that position (measured in bits), whereas the height of symbols within the stack reflects the relative frequency of the corresponding nucleic acid at that position.
during S phase in an E2F-dependent manner, but CDKB1;1 protein activity peaks at the G2-to-M transition (Porceddu et al., 2001; Boudolf et al., 2004) , suggesting that S phase activity can contribute to later events in the cell cycle.
Among the core cell cycle genes (Vandepoele et al., 2002) that are induced in the E2Fa-DPa OE seedlings, we identified several negative regulators of the cell cycle, including RBR1, E2Fc, DEL3, KRP3, and WEE1. E2Fc, RBR1, and DEL3 are probably under direct E2Fa-DPa control because these genes have E2F-binding sites in close proximity to the transcription start site. E2Fc and RBR1 were also up-regulated in plants, in which cell divisions were induced as a result of ectopic expression of CYCD3;1 . The transcriptional up-regulation of genes encoding negative regulators in mutants with ectopic cell divisions suggests the existence of a negative feedback mechanism, in which the activating E2Fs regulate their own inactivation through the transcriptional activation of negative regulators of the E2F pathway.
The reported rice genome sequences (Sasaki and Burr, 2000) allowed us to establish a set of evolutionarily conserved E2F plant target genes by screening the promoters of the rice orthologs for the presence of an E2F consensus motif. We found that for more than half of the identified Arabidopsis E2F target genes a conserved E2F element could be found in the promoter of the putative rice ortholog. Arabidopsis genes for which the putative rice orthologous genes did not show an E2F motif could represent dicot-specific E2F target genes. Alternatively, some of the Arabidopsis E2F target genes might encode endocycle-specific E2F targets because in contrast to Arabidopsis, rice does not display somatic endoreduplication. The majority of the 70 evolutionarily conserved E2F targets have a function related to DNA replication, nucleotide metabolism, and chromatin assembly. The observed high number of known replication genes, including those encoding proteins that recognize and establish a functional origin of replication, supports the idea that activation of DNA replication is completely under E2Fa-DPa control. Interestingly, seven genes of unknown function were found among the conserved E2F target genes, as well as other annotated genes encoding proteins with an unidentified role in plant development, such as four WD40-repeat proteins and four zinc-finger proteins. These genes represent strong candidates of components of the DNA replication machinery that function downstream in the E2Fa-DPa pathway, although this will still have to be experimentally validated.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Transgenic E2Fa-DPa OE plants were obtained as described 
Microarray Hybridization and Analysis
Experimental procedures are described as follows, according to the minimum information about a microarray experiment standards (Brazma et al., 2001 ). Microarray results have been submitted to the public Arabidopsis microarray database Genevestigator (https://www.genevestigator.ethz.ch) and the European Arabidopsis Stock Centre (http://arabidopsis.info/).
Experimental Design
Plant lines and growth conditions were as described above. Six days after germination, complete wild-type and E2Fa-DPa OE seedlings were grown sideby-side and harvested at noon into liquid nitrogen. The entire experiment was performed four times. Each of the eight RNA samples was hybridized independently to a microarray.
Array Design
Affymetrix Arabidopsis ATH1 GeneChip microarrays were used throughout the experiment. The list of probes present on the arrays can be obtained from the manufacturer's Web site (http://www.affymetrix.com).
Samples
Total RNA was prepared from frozen tissue using Trizol and purified with RNeasy columns (Qiagen). Labeled RNA was prepared as described previously (Hennig et al., 2004) .
Hybridizations
Hybridization of arrays, washing, and detection of labeled cRNA using streptavidin-phycoerythrin were performed as described previously (Hennig et al., 2004) .
Measurements
The arrays were scanned with the GS 2500 confocal scanner (Agilent Technologies).
Evaluation, Normalization, and Data Analysis
Signal values were derived from Affymetrix *.cel files using a modified version of robust multiple array normalization (GCRMA; Wu et al., 2004) . Subsequent data processing was performed with the statistic package R (version 2.0.1; Ihaka and Gentleman, 1996) and the LIMMA library (Linear Models for Microarray Data; Smyth, 2004) for identification of statistically significant regulation (moderated t-statistics using empirical Bayes shrinkage of the standard errors with multiple testing correction according to Benjamini and Hochberg, 1995) . To enrich for biological relevant effects, a gene was considered statistically significantly changed if (1) P-value # 0.05 and (2) SLR $ 1.
Sequence Analysis
Arabidopsis (Arabidopsis thaliana) promoter sequences 1000 bp upstream of the start codon were extracted based on TIGR gene annotation release 5 (Wortman et al., 2003) . Similarly, sequences 2000 bp upstream of the start codon were isolated from the rice (Oryza sativa) TIGR gene annotation version 3.0 (Yuan et al., 2005) . All promoter sequences were scanned using DNA-pattern (RSA tools; Van Helden et al., 2000) for the presence of an E2F-like-binding site matching the (A/T)TT(G/C)(G/C)C(G/C)(G/C) sequence that corresponds to all the different E2F-DP-binding motifs described in plants. For all genes for which the cDNA sequence was longer than the coding sequence (CDS), the 5# UTR was identified by mapping the CDS on the cDNA sequence using BLASTN (Altschul et al., 1997) . CDS and cDNA sequences were retrieved from the TIGR annotations. Similarly, the transcription start site on the promoter sequence was defined by mapping the cDNA sequence on the corresponding genomic sequence. For all significantly .2-fold up-regulated Arabidopsis genes, rice homologs were identified with BLASTP (Altschul et al., 1997) , and valid homologs were retained (Li et al., 2001) . Briefly, this method considers two proteins as being homologous only when they share a substantially conserved region on both molecules with a minimum amount of sequence identity (530%). In this manner, homology based on the partial overlap of single protein domains between two multidomain proteins, which occasionally leads to significant E-values in BLAST, is not retained. The proportion of identical amino acids in the aligned region between the query and target sequence determined by BLASTP is recalculated to I' 5 I 3 Min(n 1 /L 1 , n 2 /L 2 ), where L i is the length of sequence i, and n i is the number of amino acids in the aligned region of sequence i. This value I' is then used in the empirical formula for protein clustering proposed by Rost (1999) . The GO slim functional classification system for Arabidopsis was downloaded from www. geneontology.org.
MotifSampler (Thijs et al., 2001 ) was used to find overrepresented regulatory elements in promoter sequences with an Arabidopsis third-order background model. To avoid convergence to local optima, each run was repeated 25 times, and all motifs found were ranked according to their score. The prior probability of finding one motif instance was set to 0.5. AlignACE (Hughes et al., 2000) and CONSENSUS (Hertz and Stormo, 1999) were used to search for cis-acting elements that cooperate with the E2F-binding site.
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